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CHLOROGLOEOPSIS SP. HOST CELL FOR
PRODUCING ETHANOL AND METHOD FOR
PRODUCING ETHANOL USING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application is a continuation of International
Application No. PCT/EP2013/077496, filed Dec. 19, 2013,
the disclosure of which is hereby incorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

Not Applicable.

REFERENCE TO SEQUENCE LISTING

This application contains a sequence listing comprising 36
sequences, submitted by EFS-Web, thereby satisfying the
requirements of 37 C.F.R. §§1.821-1.825. The sequence list-
ing file, named “Chlorogloeopsis— ST25.txt”, was created
on Aug. 25, 2015, and is 286 kb in size.

FIELD OF THE INVENTION

The present invention relates to the genetic enhancement of
Chlorogloeopsis sp. host cells in order to produce ethanol as
a compound of interest.

BACKGROUND OF THE INVENTION

Cyanobacteria are small, prokaryotic, generally aquatic
organisms. Some cyanobacterial species can be genetically
engineered in order to produce compounds of interest by
utilizing light and carbon dioxide. These compounds of inter-
est can include biofuels, industrial chemicals, pharmaceuti-
cals, nutrients, carotenoids, food supplements and other com-
pounds such as lipids. Owing to the fact that cyanobacteria are
capable of fixing carbon dioxide as a carbon source for pho-
toautotrophic growth, they do not require the input of organic
carbon as feedstock and generally only need few nutrients.
Some cyanobacterial species such as Syrechococcus or Syn-
echocystis have been genetically engineered in order to pro-
duce various compounds of interest such as ethanol (see for
example U.S. Pat. No. 6,699,696 and U.S. Pat. No. 6,306,639,
as well as PCT patent application WO 2009/098089 A2).
Cyanobacterial cells can grow under a large variety of differ-
ent growth conditions including sweet water as well as brack-
ish water and can also thrive at very different temperatures.

The cyanobacterial genus Chlorogloeopsis belongs to the
subsection V of cyanobacteria and is a heterocyst forming
nitrogen fixing cyanobacterial genus, which can among oth-
ers be isolated from hot springs (original publications: Mitra,
A. A. and Pandey, D. C. (1967) “On a new genus of the
blue-green alga Chlorogloeopsis with remarks on the produc-
tion of heterocysts in the alga”; Phykos 5: pages 106 to 114
and Mitra, A. K. (1950): Two new algae from Indian soils.
Ann. Bot. London. N. S. 14: 457-464).

The scientific publication Stucken et al.: “Transformation
and Conjugal Transfer of Foreign Genes into the Filamentous
Multicellular Cyanobacteria (Subsection V) Fischerella and
Chlorogloeopsis™; Curr Microbiol., 2012 November; 65(5):
552-560, describes successful transformation of Cyanobac-
teria of subsection V by introducing the gene coding for the
green fluorescent protein GFP into Fischerella and Chlorog-
loeopsis so that these cells were able to express the GFP

2

reporter protein under two different promoters: the nitrogen
regulated PglnA and the strong constitutive E. coli promoter
Ptrc. For both strains partial removal of the exopolysaccha-
ride sheath by salt washing was a critical step. However, the
expression of the green fluorescent protein, which is not an
enzyme, does not greatly affect the metabolism of the cyano-
bacterial cells because it does not consume metabolically
important intermediates. This is in contrast to enzymes which
are expressed to catalyze the production of chemical com-

0 pounds of interest. Therefore this publication does not dis-
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close any information on how a stable production of chemical
compounds such as ethanol in Chlorogloeopsis can be
achieved.

What is needed in the art is a new cyanobacterial strain for
the production of ethanol, which can withstand hard culturing
conditions and the metabolic stress associated with the pro-
duction of chemical compounds of interest.

SUMMARY OF INVENTION

One aspect of the invention is directed to a genetically
enhanced Chlorogloeopsis sp. host cell comprising at least
one first recombinant gene encoding a first protein for the
production of ethanol under the transcriptional control of a
first inducible promoter, having at least 85%, 90% or 95%
sequence identity to an endogenous inducible promoter of the
Chlorogloeopsis sp. host cell.

Further, the genetically enhanced Chlorogloeopsis sp. host
cell can be Chlorogloeopsis fritschii PCC6912, Chloroglo-
eopsis sp. PCC 9212, or Chlorogloeopsis sp. ABICyano3,
preferably Chlorogloeopsis fritschii PCC6912.

A second aspect of the invention describes a method for
producing ethanol, comprising the method steps of:

a) culturing the genetically enhanced Chlorogloeopsis sp.
host cells described in the patent application in a culture
medium, the host cells thereby producing ethanol,

b) retrieving ethanol at least from either one of: the host
cells, the medium or the headspace above the medium.

In particular, the host cells are cultured under at least one of
the following culturing conditions:

temperatures between 20° C. to about 55° C., preferably
between 30° C. to 45° C., and/or

a salinity of the culture medium of between 0.2 to 35.0 psu,
in particular 0.2, 5.0, 8.75 and 17.5 psu.

A third aspect of the invention is directed to a method for
producing genetically enhanced Chlorogloeopsis sp. host
cells comprising introducing a first and if present second
recombinant gene into the host cell.

This method can comprise the method steps of:

a) providing a recombinant nucleic acid sequence includ-
ing the first and if present second recombinant gene and
protecting said recombinant nucleic acid sequence
against endogenous restriction endonucleases of the
host cell,

b) introducing the first and if present second recombinant
gene into the host cell.

BRIEF DESCRIPTION OF THE DRAWINGS AND
THE SEQUENCE LISTING

FIG. 1 shows a fluorescence photograph of the staining of
Chlorogloeopsis PCC6912 cells with the lectin Concanavalin
A-FITC (ConA-FITC) conjugated with a fluorescence
marker showing the capsule or extracellular polymeric layer
(EPS) of Chlorogloeopsis PCC6912. ConA-FITC can be
used for labelling of carbohydrate moieties on the cell surface
of the cyanobacterial cells.
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FIG. 2A and FIG. 2B are agarose gels showing the pres-
ence of endogenous restriction endonucleases resulting in
digestion of certain plasmids after incubation with the crude
extracts of the Chlorogloeopsis sp. cells.

FIG. 3A and FIG. 3B show fluorescence photography of
Chlorogloeopsis sp. ABICyano3 cells transformed with an
extrachromosomal pDU1 based plasmid harboring the gene
encoding the green fluorescent protein under the transcrip-
tional control of a promoter inducible by nitrogen starvation.
FIG. 3A: non-induced; FIG. 3B: induced by nitrogen-starva-
tion.

FIG. 4A shows the plasmid map of the pDU1 based plas-
mid TK18 harboring a gene encoding pyruvate decarboxylase
enzyme and also a second recombinant gene encoding the
alcohol dehydrogenase from Synechocystis PCC6803 under
the transcriptional control of the petE promoter from Nostoc
PCC7120, which was shown to be a constitutive promoter in
Chlorogloeopsis PCC6912. This plasmid also includes
Pnbl A controlling a gfp gene. The nucleotide sequence of this
plasmid is shown in SEQ ID No. 1. The gene encoding the
green fluorescent protein runs from nucleotides 628 to 1338,
the complementary sequence of the gene conferring neomy-
cin resistance “Nm” is located at nucleotides 2910 to 3701,
the promoter PnblA stretches from the nucleotides 18 to 621,
the gene encoding the Syrechocystis alcohol dehydrogenase
denoted “synADH” is located at the nucleotides 13201 to
14337, the gene encoding pyruvate decarboxylase denoted
“PDC” runs from nucleotides 11472 to 13178, and the pro-
moter PpetE from Nostoc/Anabaena PCC7120 labeled as
“PpetE7120” runs from nucleotides 11124 to 11470.

FIG. 4B shows the accumulation of ethanol measured via
GC online experiments over a course of nearly 20 hours in
Chlorogloeopsis PCC6912 cells harboring/containing the
plasmid TK18.

FIG. 4C depicts the accumulation of ethanol during the
course of a 60 hour cultivation of Chlorogloeopsis PCC9212
including the plasmid TK 18 measured via GC online experi-
ments.

FIG. 5 shows the plasmid map of the plasmid TK122
including a Zn** inducible heterologous promoter PziaA
from Syrechocystis PCC6803 including its respective repres-
sor ZiaR controlling the transcription of both a PDC and
Synechocystis ADH enzyme encoding gene. This plasmid,
similar to many other plasmids disclosed in this patent appli-
cation, also includes a gene coding for a green fluorescent
protein (gfp-mut2) under the control of the promoter PnblA
from Nostoc 7120. In PCC6912 and PCC9212 the PnblA
promoter is constitutive (which is not the case for Chlorog-
loeopsis sp. ABICyano3). Gfp was included to detect the
presence of the plasmid in the cyanobacterial cells. The nucle-
otide sequence of the plasmid TK122 is shown in SEQ ID
NO. 2. In this plasmid the following important genes are
located: the gene coding for pyruvate decarboxylase “PDC”
is located between nucleotides 5 to 1705, the Synechocystis
alcohol dehydrogenase encoding gene “synADH” runs from
nucleotides 1730 to 2867, and the promoter controlling the
transcription of this gene PnblA is located at nucleotides 2900
to 3503, the promoter PziaA is between nucleotides 14132 to
14275 and the complementary sequence of the corresponding
repressor gene ziaR runs from the nucleotides 13726 to
14124.

FIG. 6 shows two possible annotations for a start codon
(ATG) of a protein encoding gene in a genomic region includ-
ing a putative endogenous Zn** inducible promoter PziaA
from Chlorogloeopsis PCC6912. The putative gene ziaA in
Chlorogloepsis was identified based on the sequence homolo-
gies of the deduced protein to the Zn?* transporting ATPase,
ZiaA, from Synechocystis sp. PCC6803 (SEQ ID NO. 3).
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4

Cloning of the shorter region up to the first ATG, resulted in
plasmid TK 186 while cloning of the longer version up to the
second ATG resulted in TK187. Hybrids harboring TK186
did not produce any ethanol whereas hybrids containing
TK187 achieved high ethanol production rates.

FIG. 7A shows the plasmid map of the plasmid TK187
including an endogenous Zn** inducible promoter from
Chlorogloeopsis PCC6912, which controls in the PCC6912
genome a gene whose deduced protein shows homologies to
ZiaA of PCC6803. The promoter was called/named in anal-
ogy to PCC6803 PziaA. In addition to PziaA from Chlorog-
loeopsis PCC6912, TK187 also includes the respective
repressor gene ziaR. This promoter controls the transcription
of both the first and second recombinant genes, encoding for
PDC enzyme and Syrechocystis alcohol dehydrogenase
enzyme. The nucleotide sequence of the plasmid TK187 is
shown in SEQ ID NO. 4. In this plasmid the following impor-
tant genes are located: the gene coding for pyruvate decar-
boxylase “PDC” is located between nucleotides 11498 to
13198, the Synechocystis alcohol dehydrogenase encoding
gene “synADH” runs from nucleotides 13223 to 14360, and
the promoter controlling the transcription of this gene PnblA
is located at nucleotides 33 to 636, the endogenous promoter
PziaA is between nucleotides 11348 to 11492 and the
complementary sequence of the corresponding endogenous
repressor gene ziaR runs from the nucleotides 10945 to
11346.

FIG. 7B to FIG. 7D depict the accumulation of ethanol
(FIG. 7B and FIG. 7D) (% (v/v), the activities of ADH
enzyme and PDC enzyme (FIG. 7B), the growth of the cells
given by OD-, ..., (FIG. 7C), and the chlorophyll content of
cells of Chlorogloeopsis PCC6912 genetically enhanced with
the plasmid TK187 in mBG11 medium (FIG. 7C). FIG. 7B
shows the accumulation of ethanol over 14 days (day 1 to day
15). Data are given as an average of biological triplicates. The
mean productivity of the three cultivations (0.0327% (v/v)/d)
is also indicated. In addition the ethanol accumulation over
the course of the first 7 days is shown (7D) for a single
cultivation leading of a peak production rate 0£0.0452% (v/v)
d~'. The highest ethanol production rate as an average of the
three biological triplicates shown in FIG. 7B, calculated from
day 3 to 11 is also indicated (7D). Chlorogloeopsis PCC6912
cells genetically enhanced with the plasmid TK187 were
cultivated in 0.5 L photobioreactors and ethanol concentra-
tion determined via GC single measurements.

FIG. 7E shows the accumulation of ethanol measured via
GC online measurements for Chlorogloeopsis PCC9212 cells
also harboring the plasmid TK187 cultured for nearly 70
hours in the uninduced state (—Zn) and at different factors of
induction via addition of different amounts of Zn>* to the
medium (5 uM Zn**, 10 uM Zn** and 30 uM Zn*™*).

FIG. 8 shows the plasmid map of the plasmid TK261
including the Zn** inducible promoter PziaA from Chlorog-
loeopsis PCC6912 only controlling the transcription of the
PDC enzyme encoding first recombinant gene. The Syn-
echocystis ADH enzyme encoding second recombinant gene
is controlled by the constitutive promoter PrbcL.. The nucle-
otide sequence of plasmid TK261 is shown in the sequence
listing as SEQ ID NO. 5. Apart from the green fluorescent
protein encoding gene and the neomycin resistance cassette,
this plasmid includes from nucleotides 1418 to 2021 the
promoter PnblA. Furthermore, the PDC gene runs from
nucleotides 13152 to 178 and the promoter PziaA controlling
this gene is located between nucleotides 12520 to 13153, and
the respective complementary sequence of the repressor ziaR
is located at nucleotides 12606 to 13007. The second recom-
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binant gene for ethanol production encoding Syrechocystis
alcohol dehydrogenase is located between nucleotides 309 to
1319. Between both ethanologenic genes the terminator
sequence “dsrA\terminator” is inserted between nucleotides
190 to 214 and the oop terminator between the Synechocystis
ADH gene and the green fluorescent protein gene is at nucle-
otides 1349 to 1380.

FIG. 9A shows the plasmid map of the plasmid TK336,
which includes the Zn** inducible PziaA promoter and its
respective repressor ziaR from Chlorogloeopsis PCC6912
controlling the transcription of a codon improved version of
the first recombinant gene encoding PDC enzyme. Transcrip-
tion of a codon improved version of the second recombinant
gene coding for Symechocystis alcohol dehydrogenase
enzyme is controlled by the constitutive promoter PnblA
from Nostoc PCC7120. SEQ ID NO. 6 shows the nucleotide
sequence of this plasmid. The codon improved version of the
pde gene runs from nucleotides 1 to 1702 and the promoter
PziaA controlling this gene is located between nucleotides
13386 to 13529, and the respective complementary sequence
of'the repressor ziaR is located at nucleotides 12984 to 13385.
The second recombinant codon improved gene for ethanol
production encoding Syrechocystis alcohol dehydrogenase is
located between nucleotides 2344 to 3357. Between both
ethanologenic genes the oop terminator is inserted between
nucleotides 1708 to 1740.

FIG. 9B is a graph showing the ethanol accumulation in
cultures of Chlorogloeopsis PCC6912 harboring the plasmid
TK336 over a time course of around 18 hours in the unin-
duced (0Zn) and the induced state (30 uM Zn**) measured via
GC online measurements.

FIG. 10A shows the plasmid map of the plasmid TK414
including the Zn** inducible promoter PziaA from Chlorog-
loeopsis PCC6912 (nucleotides 12777 to 12920) controlling
the transcription of codon improved variants of pdc (nucle-
otides 12921 to 1702) and adh genes (nucleotides 12921 to
1702). In addition a terminator sequence (0op terminator
between nucleotides 2754 to 2786) is located downstream of
the Synechocystis ADH enzyme encoding gene in order to
ensure a reliable transcription termination. SEQ ID NO. 7
shows the nucleotide sequence of this plasmid.

FIG. 10B includes a graph depicting a comparison of the
ethanol accumulation (% (v/v) of Chlorogloeopsis PCC6912
hybrids containing the different plasmids TK414 and TK187
during 15 day cultivation in 0.5 liter photobioreactor. Ethanol
concentration was determined via GC single measurements.

FIG. 11A shows the metal-ion dependent induction of
orf7041 by qRT-PCR. qRT-PCR shows the significant
upregulation of orf7041 by addition of the metal-ion mix
containing 20 uM Co>*, 30 uM Zn**, and 1 uM Cu**. The
promoter of orf7041 can be considered as being regulated by
at least one of these metal-ions.

FIG. 11B shows the relative quantification of orf7041
based on the amplification curves of the qRT-PCR. Expres-
sion levels were normalized to expression of a reference gene.

FIG. 12A depicts the plasmid map of the plasmid TK346
including the promoter of the open reading frame (orf) 7041
from Chlorogloeopsis PCC6912 running from nucleotides
12898 to 13274, which is both a Co®*/Zn** inducible pro-
moter, but which mainly reacts to Co>* controlling the tran-
scription of a codon improved version of the first recombinant
gene encoding PDC enzyme (from nucleotides 1 to 1702).
The Synechocystis ADH enzyme encoding second recombi-
nant gene (from nucleotides 2344 to 3357) is controlled by the
constitutive promoter PnblA from Nostoc (nucleotides 1747
to 2343) and a transcription terminator sequence (0op termi-
nator between nucleotides 1708 to 1740) is present between
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both recombinant genes in order to decouple the transcrip-
tional control of these genes. The DNA sequence of this
plasmid is shown in the sequence listing as SEQ ID NO. 8.

FIG. 12B is a graph showing the ethanol accumulation over
a20hour cultivation of an induced culture of Chlorogloeopsis
PCC6912 (30 uM Co**) harboring the plasmid TK346 deter-
mined via GC online measurements.

FIG. 12C depicts the ethanol accumulation over the time
course of 12 days of the same hybrid as shown in FIG. 12B in
larger 0.5 liter photobioreactors determined via GC single
measurements. The best productivity was observed with 20
UM Co*.

FIG. 13 shows the plasmid map of the plasmid TK348,
including the promoter controlling the open reading frame
(orf) 7345 of Chlorogloeopsis PCC6912 (from nucleotides
10832 to 11212), which is a promoter inducible by Zn** and
Co**, but mainly reacts to Zn** and which controls the tran-
scription of both the pdc (nucleotides 11220 to 12920) and the
adh gene (nucleotides 12945 to 14082) encoding first and
second recombinant enzymes. The DNA sequence of this
plasmid is shown in the sequence listing as SEQ ID NO. 9.

FIG. 14 shows the plasmid map of the plasmid TK351
including the Zn** inducible promoter of the open reading
frame (orf) 5189 of Chlorogloeopsis PCC6912 (running from
nt 10832 to 11237) controlling the transcription of both the
PDC enzyme (nucleotides 11243 to 12943) and Syrechocys-
tis ADH enzyme (nucleotides 12968 to 14105) encoding
genes. SEQ ID NO. 10 depicts the nucleotide sequence of this
plasmid.

FIG. 15 shows the plasmid map of the plasmid TK380
including the Zn** inducible promoter of the open reading
frame (orf) 5203 of Chlorogloeopsis PCC6912 (running from
nucleotides 10832 to 11088), controlling the transcription of
both the first and second recombinant gene encoding PDC
(nucleotides 11094 to 12794) and ADH enzyme (nucleotides
12819 to 13956). The nucleotide sequence of this plasmid is
shown as SEQ ID NO. 11 in the sequence listing.

The plasmid map plasmid TK 148 is shown in FIG. 16A.
This plasmid cannot replicate in Chlorogloeopsis. It contains
a neomycin resistance conferring gene (denoted Nm running
from nucleotides 121 to 902) under the transcriptional control
of PpsbA (nucleotides 21 to 81), which is flanked by two
sequences which are homologous to parts of the chromo-
somal pilA gene of Chlorogloeopsis fritschii PCC6912. The
pilA parts are needed for homologous recombination of the
neomycin conferring resistance gene into the genome of the
Chlorogloeopsis sp. host cells (platform pilA-FB1 from
nucleotides 1115 to 2196 and platform pilA-FA1 from nucle-
otides 5140 to 6210). SEQ ID NO. 12 shows the DNA
sequence of this plasmid.

FIG. 16B depicts the plasmid map of the plasmid TK 149,
which, similar to plasmid TK 148, harbors a neomycin resis-
tance conferring gene (from nucleotides 1053 to 1834) under
the transcriptional control of PpsbA (nucleotides 953 to
1013). This resistance gene is flanked by two sequences
homologous to parts of the gene Blpl. The Blpl part is nec-
essary for integration of the neomycin resistance conferring
gene into the genome of the Chlorogloeopsis sp. host cells
(platform Blpl.M FB2 from nucleotides 2047 to 2962 and
platform—BIlpl.R FA2\ from nt 2 to 931). SEQ ID NO. 13
shows the DNA sequence of this plasmid.

The plasmid map of the plasmid TK153 is shown in FIG.
16C. This plasmid is similar to TK148, but contains in addi-
tion an ethanologenic gene cassette including genes coding
for PDC enzyme (nucleotides 626 to 2330) and ADH enzyme
(nucleotides 2355 to 3492) under the transcriptional control
of the promoter PnblA from Nostoc/Anabaena PCC7120
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(nucleotides 6 to 622). Similar to plasmid TK148, two
sequences for homologous recombination into the gene pilA
are present upstream and downstream of the ethanologenic
cassette and the neomycin resistance gene (denoted pilA-
FA1) running from nucleotides 8632 to 9702 and pilA-FB1
(running from nucleotides 4607 to 5688). The nucleotide
sequence of this plasmid is shown in the sequence listing as
SEQ ID NO. 14.

FIG. 17 A shows the ethanol accumulation over a course of
23 days in Chlorogloeopsis PCC6912 hybrids containing the
plasmid TK336 in medium at difterent salinities 0o 8.75,17.5,
26.25 and 35 psu. Artificial seawater BG11 medium was used
and modified to different salinities (aswBG11).

FIG. 17B shows a comparison of the ethanol production
rate (% (v/v)d™!) between days 5 to 12 and days 5 to 23 for the
same experiment already shown in FIG. 17A at different
salinities measured via GC single measurements.

FIG. 18 shows the ethanol accumulation in 35 psu medium
(artificial mBG11) at pH 8 of parallel cultivations of Chloro-
gloeopsis PCC6912 hybrids harboring the plasmids TK261,
TK336 and TK346, respectively.

FIG. 19A is a schematic diagram showing a culture of
PCC6912 and ABICyano3 during mixing of the culture.

FIG. 19B is a schematic diagram showing the settling of a
culture of PCC6912 and ABICyano3 to the bottom of the
container after mixing of the culture medium is discontinued.

DETAILED DESCRIPTION OF INVENTION

Several strains of the genus Chlorogloeopsis sp. were suc-
cessfully transformed for the first time with plasmids by using
conjugation and electroporation procedures, resulting in
ethanol production. This task was achieved by a new trans-
formation protocol taking into consideration the specifics of
the genus Chlorogloeopsis sp., such as protection of the plas-
mids used for transformation against the endogenous restric-
tion endonucleases Sphl and Blpl. Surprisingly, no special
treatment such as sonification or salt washing steps for trans-
formation via conjugation was necessary for the EPS layer
around the Chlorogloeopsis sp. cells in order for the plasmids
to be introduced into the cyanobacteria. In particular, the
individual species Chlorogloeopsis PCC6912 and Chlorog-
loeopsis PCC9212 as well as Chlorogloeopsis ABICyano3
could be genetically enhanced with ethanologenic plasmids.
Although these cyanobacterial strains belong to the same
genus Chlorogloeopsis sp., they show differences in their
cultivation behavior as well as in their sensitivity to salinity
and other typical growth parameters.

Chlorogloeopsis PCC6912 and Chlorogloeopsis ABICy-
ano3 were shown to form aggregates during cultivation,
whereas Chlorogloeopsis PCC9212 was more uniformly dis-
persed in the culture medium. Chlorogloeopsis fritschii
PCC6912 was able to produce ethanol at reasonable quanti-
ties in a wide temperature range of between 20° C. to about
55° C. and/or at salinities of the culture medium of between
0.2t035.0psu, in particular 0.2, 8.75 and 17.5 psu, which was
not the case for the other two cyanobacterial strains, which
required freshwater medium for ethanol production. In con-
trast to Chlorogloeopsis sp. PCC9212, ABICyano3 showed a
higher salt tolerance, which was however not comparable to
Chlorogloeopsis fritschii PCC6912. This makes Chloroglo-
eopsis PCC6912 especially suitable for cultivation in deserts
where a large temperature difference between day and night is
to be expected. Furthermore Chlorogloeopsis PCC6912
showed high ethanol production rates at medium salinities
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between 0.2, 8.75 and 17.5 psu, so that this strain can also be
cultivated in a brackish medium.

GENERAL EXPLANATIONS AND DEFINITIONS

Aspects of the invention utilize techniques and methods
common to the fields of molecular biology, microbiology and
cell culture. Useful laboratory references for these types of
methodologies are readily available to those skilled in the art.
See, for example, Molecular Cloning: A Laboratory Manual
(Third Edition), Sambrook, J., et al. (2001) Cold Spring Har-
bor Laboratory Press; Current Protocols in Microbiology
(2007) Edited by Coico, R, et al., John Wiley and Sons, Inc.;
The Molecular Biology of Cyanobacteria (1994) Donald Bry-
ant (Ed.), Springer Netherlands; Handbook Of Microalgal
Culture Biotechnology And Applied Phycology (2003) Rich-
mond, A.; (ed.), Blackwell Publishing; and “The cyanobac-
teria, molecular Biology, Genomics and Evolution”, Edited
by Antonia Herrero and Enrique Flores, Caister Academic
Press, Norfolk, UK, 2008.

It is well known to a person of ordinary skill in the art that
large plasmids can be produced using techniques such as the
ones described in the U.S. Pat. No. 6,472,184 B1 titled
“method for producing nucleic acid polymers” and U.S. Pat.
No. 5,750,380 titled “DNA polymerase mediated synthesis of
double stranded nucleic acid molecules™, which are hereby
incorporated in their entirety.

Denominations of genes are in the following presented in a
three letter lower case name followed by a capitalized letter if
more than one related gene exists, for example ziaA. The
respective protein encoded by that gene is denominated by the
same name with the first letter capitalized, such as ZiaA.

Denominations for promoter sequences, which control the
transcription of a certain gene in their natural environment are
given by a capitalized letter “P” followed by the gene name
according to the above described nomenclature, for example
“PnblA” for the promoter controlling the transcription of the
nblA gene.

Denominations for enzyme names can be given in a two or
three letter code indicating the origin of the enzyme, followed
by the above mentioned three letter code for the enzyme itself,
such as SynADH (Zn** dependent Alcohol dehydrogenase
from Synechocystis PCC6803), ZmPdc (pyruvate decarboxy-
lase from Zymomonas mobilis).

All publications and patent applications mentioned in this
specification are herein incorporated by reference to the same
extent as if each individual publication or patent application
was specifically and individually indicated to be incorporated
by reference.

Unless defined otherwise, all technical and scientific terms
used herein have the meaning commonly understood by a
person skilled in the art to which this invention belongs. As
used herein, the following terms have the meanings ascribed
to them unless specified otherwise.

The term “about” is used herein to mean approximately, in
the region of, roughly, or around. When the term “about” is
used in conjunction with a numerical value/range, it modifies
that value/range by extending the boundaries above and
below the numerical value(s) set forth. In general, the term
“about” is used herein to modify a numerical value(s) above
and below the stated value(s) by a variance of 20%, 10% or
5%.

The term “Cyanobacteria” refers to a member from the
group of photoautotrophic prokaryotic microorganisms
which can utilize solar energy and fix carbon dioxide. Cyano-
bacteria are also referred to as blue-green algae.
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The term “terminator” refers to a nucleic acid sequence
which is able to terminate the transcription of an mRNA. The
terminators can exert their function in various ways includ-
ing, but not limited to forming a hairpin structure in the
mRNA transcript, which disrupts the mRNA-DNA RNA
polymerase complex during transcription or via forming a
recognition site for a transcription termination factor. Non-
limiting examples are dsrA from E. co/i, the oop terminator or
the rho terminator.

The term “Chlorogloeopsis sp.” refers to an unspecified
cyanobacterial member of the genus Chlorogloeopsis, which
was among other characterized by Mitra, A. A. and Pandey, D.
C. (1967) “On a new genus of the blue-green alga Chlorog-
loeopsis with remarks on the production of heterocysts in the
alga”; Phykos 5: pages 106 to 114 and Mitra, A. K. (1950):
Two new algae from Indian soils. Ann. Bot. London. N. S. 14:
457-464.

The terms “host cell” and “recombinant host cell” are
intended to include a cell suitable for metabolic manipulation,
e.g., which can incorporate recombinant polynucleotide
sequences, e.g., which can be transformed. The term is
intended to include progeny of the cell originally trans-
formed. In particular embodiments, the cell is a prokaryotic
cell, e.g., a cyanobacterial cell. The term recombinant host
cell is intended to include a cell that has already been selected
orengineered to have certain desirable properties and suitable
for further enhancement using the compositions and methods
of the invention.

The term “genome” refers to the chromosomal genome as
well as to extrachromosomal plasmids which are normally
present in the wild type cyanobacterium without having per-
formed recombinant DNA technology. For example, cyano-
bacteria such as Synechococcus PCC7002 can include at least
up to 6 extrachromosomal plasmids in their wild type form.

“Competent to express” refers to a host cell that provides a
sufficient cellular environment for expression of endogenous
and/or exogenous polynucleotides.

As used herein, the term “genetically enhanced” refers to
any change in the endogenous genome of a wild type cell or
to the addition of non-endogenous genetic code to a wild type
cell, e.g., the introduction of a heterologous gene. More spe-
cifically, such changes are made by the hand of man through
the use of recombinant DNA technology or mutagenesis. The
changes can involve protein coding sequences or non-protein
coding sequences, including regulatory sequences such as
promoters or enhancers.

As used herein, the term “recombinant” refers to nucleic
acid sequences and in particular to genes which are changed
by laboratory methods thereby creating combinations of
nucleic acid sequences in a host cell which are not found in
the respective wild type host cell. This term can apply nucleic
acid sequences which are both endogenous as well as heter-
ologous with respect to the host cell.

The nucleic acids of this present invention may be modified
chemically or biochemically or may contain non-natural or
derivatized nucleotide bases, as will be readily appreciated by
those of skill in the art. Such modifications include, for
example, labels, methylation, substitution of one or more of
the naturally occurring nucleotides with an analog, inter-
nucleotide modifications such as uncharged linkages,
charged linkages, alkylators, intercalators, pendent moieties,
modified linkages, and chelators. Also included are synthetic
molecules that mimic polynucleotides in their ability to bind
to a designated sequence via hydrogen bonding and other
chemical interactions.

The term “homology” refers to the percentage of identity
between two polynucleotide or two polypeptide moieties.
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The correspondence between the sequences from one moiety
to another can be determined by techniques known to the art.
For example, homology can be determined by a direct com-
parison of the sequence information between two polypeptide
molecules by aligning the sequence information and using
readily available computer programs. Alternatively, homol-
ogy can be determined by hybridization of polynucleotides
under conditions that form stable duplexes between homolo-
gous regions, followed by digestion with single-stranded-
specific nuclease(s) and size determination of the digested
fragments.

As used herein, “substantially similar” refers to nucleic
acid fragments wherein changes in one or more nucleotide
bases results in substitution of one or more amino acids, but
do not affect the functional properties of the protein encoded
by the DNA sequence. The term “substantially similar” also
refers to modifications of the nucleic acid fragments of the
instant invention such as deletion or insertion of one or more
nucleotide bases that do not substantially affect the functional
properties of the resulting transcript.

In one aspect the invention also provides nucleic acids
which are at least 60%, 70%, 80% 90%, 95%, 99%, or 99.5%
identical to the nucleic acids disclosed herein.

The percentage of identity of two nucleic acid sequences or
two amino acid sequences can be determined using the algo-
rithm of Thompson et al. (CLUSTALW, 1994 Nucleic Acid
Research 22: 4673-4, 680). A nucleotide sequence or an
amino acid sequence can also be used as a so-called “query
sequence” to perform a search against public nucleic acid or
protein sequence databases in order, for example, to identify
further unknown homologous sequences, which can also be
used in embodiments of this invention. Such searches can be
performed using the algorithm of Karlin and Altschul (1999
Proceedings of the National Academy of Sciences U.S.A. 87:
2,264 to 2,268), modified as in Karlin and Altschul (1993
Proceedings of the National Academy of Sciences U.S.A. 90:
5,873 to 5,877). Such an algorithm is incorporated in the
NBLAST and XBLAST programs of Altschul et al. (1999
Journal of Molecular Biology 215: 403 to 410). Where gaps
exist between two sequences, gapped BLAST can be utilized
as described in Altschul et al. (1997 Nucleic Acid Research,
25:3,389 to 3,402).

“Recombinant” refers to polynucleotides synthesized or
otherwise manipulated in vitro (“recombinant polynucle-
otides”) and to methods of using recombinant polynucle-
otides to produce gene products encoded by those polynucle-
otides in cells or other biological systems. For example, a
cloned polynucleotide may be inserted into a suitable expres-
sion vector, such as a bacterial plasmid, and the plasmid can
be used to transform a suitable host cell. A host cell that
comprises the recombinant polynucleotide is referred to as a
“recombinant host cell” or a “recombinant bacterium” or a
“recombinant cyanobacteria.” The gene is then expressed in
the recombinant host cell to produce, e.g., a “recombinant
protein”” A recombinant polynucleotide may serve a non-
coding function (e.g., promoter, origin of replication, ribo-
some-binding site, etc.) as well.

The term “transformation” is used herein to mean the inser-
tion of heterologous or endogenous genetic material into the
host cell via recombinant methods. Typically, the genetic
material is DNA on a plasmid vector, but other means can also
be employed. General transformation methods and selectable
markers for bacteria and cyanobacteria are known in the art
(Wirth, Mol Gen Genet. 216:175-177 (1989); Koksharova,
Appl Microbiol Biotechnol 58:123-137 (2002). Additionally,
transformation methods and selectable markers for use in
bacteria are well known (see, e.g., Sambrook et al, supra).
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The term “homologous recombination” refers to the pro-
cess of recombination between two nucleic acid molecules
based on nucleic acid sequence similarity. The term embraces
both reciprocal and nonreciprocal recombination (also
referred to as gene conversion). In addition, the recombina-
tion can be the result of equivalent or non-equivalent cross-
over events. Equivalent crossing over occurs between two
equivalent sequences or chromosome regions, whereas non-
equivalent crossing over occurs between identical (or sub-
stantially identical) segments of nonequivalent sequences or
chromosome regions. Unequal crossing over typically results
in gene duplications and deletions. For a description of the
enzymes and mechanisms involved in homologous recombi-
nation see Court et al., “Genetic engineering using homolo-
gous recombination,” Annual Review of Genetics 36:361-
388; 2002.

The term “non-homologous or random integration” refers
to any process by which DNA is integrated into the genome
that does not involve homologous recombination. It appears
to be a random process in which incorporation can occur at
any of a large number of genomic locations.

The term “vector” as used herein is intended to refer to a
nucleic acid molecule capable of transporting another nucleic
acid to which it has been linked. One type of vector is a
“plasmid,” which generally refers to a circular double
stranded DNA molecule into which additional DNA seg-
ments may be ligated, but also includes linear double-
stranded molecules such as those resulting from amplification
by the polymerase chain reaction (PCR) or from treatment of
a circular plasmid with a restriction enzyme.

Certain vectors are capable of autonomous replication in a
host cell into which they are introduced (e.g., vectors having
an origin of replication which functions in the host cell) such
as extrachromosomal plasmids. Other vectors can be inte-
grated into the genome of a host cell upon introduction into
the host cell, and are thereby replicated along with the host
genome. Moreover, certain vectors are capable of directing
the expression of genes to which they are operatively linked.
Such vectors are referred to herein as “recombinant expres-
sion vectors” (or simply “expression vectors”).

The term “promoter” is intended to include a polynucle-
otide segment that can transcriptionally control a recombi-
nant gene of interest, e.g., a pyruvate decarboxylase gene that
it does or does not transcriptionally control in nature. In one
embodiment, the transcriptional control of a promoter results
in an increase in expression of the gene of interest. In an
embodiment, a promoter is placed 5'to the gene-of-interest. A
heterologous promoter can be used to replace the natural
promoter, or can be used in addition to the natural promoter.
A promoter can be endogenous with regard to the host cell in
which it is used or it can be a heterologous polynucleotide
sequence introduced into the host cell, e.g., exogenous with
regard to the host cell in which it is used. Promoters of the
invention may also be inducible, meaning that certain exog-
enous stimuli (e.g., nutrient starvation, heat shock, mechani-
cal stress, light exposure, etc.) will induce the promoter lead-
ing to the transcription of the gene.

The phrase “operably linked” means that the nucleotide
sequence of the nucleic acid molecule or gene of interest is
linked to the regulatory sequence(s) in a manner which allows
for regulation of expression (e.g., enhanced, increased, con-
stitutive, basal, attenuated, decreased or repressed expres-
sion) of the nucleotide sequence and expression of a gene
product encoded by the nucleotide sequence (e.g., when the
recombinant nucleic acid molecule is included in a recombi-
nant vector, as defined herein, and is introduced into a micro-
organism).
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The term “gene” refers to an assembly of nucleotides that
encode a polypeptide, and includes cDNA and genomic DNA
nucleic acids. “Gene” also refers to a nucleic acid fragment
that expresses a specific protein or polypeptide, including
regulatory sequences preceding (5' non-coding sequences)
and following (3' non-coding sequences) the coding
sequence.

The term “endogenous” refers to genes or genetic regula-
tory elements, such as promoters, which are present in the
respective wild type cyanobacterial species. “Recombinant™
genes or regulatory elements can also be included in non-
natural recombinant plasmids within these cyanobacterial
species or inserted into the genome of its native host cell via
recombinant methods. In another embodiment of the inven-
tion “endogenous” also refers to genes or genetic elements,
which are not present in the respective wild type cyanobac-
terial species, but which are present in other wild type species
of the same genus, for example Chlorogloeopsis. Therefore
the term “endogenous promoter” also can refer to a native
promoter of Chlorogloeopsis PCC6912 recombinantly
included in for example Chlorogloeopsis PCC9212. In this
context, the inventors could show that some of promoters, for
example the PziaA homologs can be identical between dif-
ferent Chlorogloeopsis species for example Chlorogloeopsis
PCC6912 and Chlorogloeopsis PCC9212. In addition the
promoters used in the present invention also might be at least
85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, or 99
percent identical or can be 100% identical to endogenous
promoters. Any nucleotide changes in comparison to the
native endogenous promoters can occur at least in one of the
following regions:

The TATA box, and/or

the ribosomal binding side

the operator side and/or

the 5'-untranslated region (5'-UTR).

Additionally, the nucleotides between these functional
regions can also be altered, deleted or additional nucleotides
can be introduced.

A “foreign” gene or “heterologous” gene refers to a gene
not normally found in the host organism, but that is intro-
duced into the host organism by gene transfer. Foreign genes
can comprise native genes inserted into a non-native organ-
ism, or chimeric genes. A “transgene” is a gene that has been
introduced into the genome by a transformation procedure.

The term “fragment” refers to a nucleotide sequence of
reduced length relative to the reference nucleic acid and com-
prising, over the common portion, a nucleotide sequence
substantially identical to the reference nucleic acid. Such a
nucleic acid fragment according to the invention may be,
where appropriate, included in a larger polynucleotide of
which it is a constituent. Such fragments comprise, or alter-
natively consist of, oligonucleotides ranging in length from at
least about 6 to about 1,500 or more consecutive nucleotides
of a polynucleotide according to the invention.

The term “open reading frame” abbreviated as “ORF,”
refers to a length of nucleic acid sequence, either DNA,
cDNA or RNA, that comprises a translation start signal or
initiation codon, such as an ATG or AUG, and a termination
codon and can be potentially translated into a polypeptide
sequence.

The term “upstream” refers to a nucleotide sequence that is
located 5' to reference nucleotide sequence. In particular,
upstream nucleotide sequences generally relate to sequences
that are located on the 5' side of a coding sequence or starting
point of transcription. For example, most promoters are
located upstream of the start site of transcription.
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The term “downstream” refers to a nucleotide sequence
that is located 3' to a reference nucleotide sequence. In par-
ticular, downstream nucleotide sequences generally relate to
sequences that follow the starting point of transcription. For
example, the translation initiation codon of a gene is located
downstream of the start site of transcription.

The terms “restriction endonuclease” and “restriction
enzyme” refer to an enzyme that binds and cuts within a
specific nucleotide sequence within double stranded DNA.

The term “expression” as used herein, refers to the tran-
scription and stable accumulation mRNA derived from a
nucleic acid or polynucleotide. Expression may also refer to
translation of mRNA into a protein or polypeptide.

An “expression cassette” or “construct” refers to a series of
polynucleotide elements that permit transcription of a gene in
a host cell. Typically, the expression cassette includes a pro-
moter and a heterologous or native polynucleotide sequence
that is transcribed. Expression cassettes or constructs may
also include, e.g., transcription termination signals, polyade-
nylation signals, and enhancer elements.

The term “codon” refers to a triplet of nucleotides coding
for a single amino acid.

The term “codon-anticodon recognition” refers to the
interaction between a codon on an mRNA molecule and the
corresponding anticodon on a tRNA molecule.

The term “codon bias” refers to the fact that different
organisms use different codon frequencies.

The term “codon improvement” refers to the modification
of at least some of the codons present in a heterologous gene
sequence from a triplet code that is not generally used in the
host organism to a triplet code that is more common in the
particular host organism. This can result in a higher expres-
sion level of the gene of interest. In particular, codon improve-
ment or codon optimization can mean that the overall usage of
the codons of a gene is adapted to more closely resemble or
even be identical to the codon usage table of a certain organ-
ism, for example Chlorogloeopsis fritschii PCC6912.

The term “reporter gene” means a nucleic acid encoding an
identifying factor that can be identified based upon the
reporter gene’s effect, in order to determine or confirm that a
cell or organism contains the nucleic acid of interest, and/or to
measure gene expression induction or transcription.
Examples of reporter genes known and used in the art include
but are not limited to luciferase (Luc), green fluorescent pro-
tein (GFP), chloramphenicol acetyltransferase (CAT), [-ga-
lactosidase (LacZ), p-glucuronidase (GUS), and the like. In
embodiments of the present invention, recombinant genes
coding for GFP can be included in the extrachromosomal
plasmids harboring the ethanologenic cassettes so that the
presence of the plasmids in the host cells can be detected
easily via fluorescence. Selectable marker genes may also be
considered reporter genes.

The term “selectable marker” means an identifying factor,
usually an antibiotic or chemical resistance gene, that is able
to be selected for based upon the marker gene’s effect, such as
resistance to an antibiotic, resistance to a herbicide, colori-
metric markers, enzymes, fluorescent markers, and the like,
wherein the effect is used to track the inheritance of a nucleic
acid of interest and/or to identify a cell or organism that has
inherited the nucleic acid of interest. Examples of selectable
marker genes known and used in the art include: genes pro-
viding resistance to ampicillin, streptomycin, gentamycin,
spectinomycin, kanamycin, hygromycin, neomycin and the
like.
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A “polypeptide” is a polymeric compound comprised of
covalently linked amino acid residues. A “protein” is a
polypeptide that performs a structural or functional role in a
living cell.

A “heterologous protein” refers to a protein not naturally
produced in the cell.

An “isolated polypeptide” or “isolated protein” is a
polypeptide or protein that is substantially free of those com-
pounds that are normally associated therewith in its natural
state (e.g., other proteins or polypeptides, nucleic acids, car-
bohydrates, lipids).

The term “fragment” of a polypeptide refers to a polypep-
tide whose amino acid sequence is shorter than that of the
reference polypeptide. Such fragments of a polypeptide
according to the invention may have a length of at least about
2 to about 300 or more amino acids.

A “variant” of a polypeptide or protein is any analogue,
fragment, derivative, or mutant which is derived from a
polypeptide or protein and which retains at least one biologi-
cal property of the polypeptide or protein. Different variants
of'the polypeptide or protein may exist in nature. These vari-
ants may be allelic variations characterized by differences in
the nucleotide sequences of the structural gene coding for the
protein, or may involve differential splicing or post-transla-
tional modification. The skilled artisan can produce variants
having single or multiple amino acid substitutions, deletions,
additions, or replacements.

As used herein, the phrase “increased activity” refers to any
genetic modification resulting in increased levels of enzyme
function in a host cell. As known to one of ordinary skill in the
art, enzyme activity may be increased by increasing the level
of transcription, either by modifying promoter function or by
increasing gene copy number, increasing translational effi-
ciency of an enzyme messenger RNA, e.g., by modifying
ribosomal binding, or by increasing the stability of an
enzyme, which increases the half-life of the protein, leading
to the presence of more enzyme molecules in the cell. All of
these represent non-limiting examples of increasing the activ-
ity of an enzyme. (mRNA Processing and Metabolism: Meth-
ods and Protocols, Edited by Daniel R. Schoenberg, Humana
Press Inc., Totowa, N.I.; 2004; ISBN 1-59259-750-5;
Prokaryotic Gene Expression (1999) Baumberg, S., Oxford
University Press, ISBN 0199636036; The Biomedical Engi-
neering Handbook (2000) Bronzino, J. D., Springer, ISBN
354066808X).

Theterms “pyruvate decarboxylase” and “PDC” refer to an
enzyme that catalyzes the decarboxylation of pyruvic acid to
acetaldehyde and carbon dioxide. A “pdc gene” refers to the
gene encoding an enzyme that catalyzes the decarboxylation
of pyruvic acid to acetaldehyde and carbon dioxide.

The terms “Alcohol dehydrogenase” and “ADH” refer to
an enzyme that catalyzes the interconversion between alco-
hols and aldehydes or ketones. An “adh gene” refers to the
gene encoding an enzyme that catalyzes the interconversion
between alcohols and aldehydes or ketones, “pdc/adh” refers
to the pdc and adh genes collectively. A “pdc/adh cassette”
refers to a nucleic acid sequence encoding a PDC enzyme and
an Adh enzyme.

The term “primer” is an oligonucleotide that hybridizes to
a target nucleic acid sequence to create a double stranded
nucleic acid region that can serve as an initiation point for
DNA synthesis under suitable conditions. Such primers may
be used in a polymerase chain reaction.

Database entry numbers given in the following are from the
NCBI database (National Center for Biotechnology Informa-
tion; http://www.ncbi.nlm.nih.gov) or from the CyanoBase,
the genome database for cyanobacteria ((http://bacteria.ka-
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zusa.otjp/cyanobase/index . html); Yazukazu et al. “Cyano-
Base, the genome database for Symechocystis sp. Strain
PCC6803: status for the year 20007, Nucleic Acid Research,
2000, Vol. 18, page 72).

The EC numbers cited throughout this patent application
are enzyme commission numbers which is a numerical clas-
sification scheme for enzymes based on the chemical reac-
tions which are catalyzed by the enzymes.

The Chlorogloeopsis sp. host cells and other cyanobacte-
rial strains described in this patent application can be
obtained from the Pasteur Culture Collection (PCC) of cyano-
bacteria, France, from the Culture Collection of Autotrophic
Organisms (CCALA), Institute of Botany, Academy of Sci-
ences of the Czech Republic, or were deposited by Algenol
Biofuels Inc.

DESCRIPTION OF EMBODIMENTS OF THE
INVENTION

One embodiment of the invention is directed to a geneti-
cally enhanced Chlorogloeopsis sp. host cell comprising at
least one first recombinant gene encoding a first protein for
the production of ethanol under the transcriptional control of
a first inducible promoter, having at least 85%, 90% or 95%
sequence identity to an endogenous inducible promoter of the
Chlorogloeopsis sp. host cell.

The inventors of the present invention found that first
inducible endogenous promoters for transcriptional control
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high and constant ethanol production, which also could be
maintained for at least three weeks or more.

The finding that endogenous inducible promoters are
important for a successful ethanol production in Chloroglo-
eopsis sp. host cells is also not suggested by the prior art of
Stucken et al., which shows that also constitutive heterolo-
gous promoters, for example the trc promoter from E. coli can
be used for the recombinant overexpression of GFP protein in
Chlorogloeopsis.

According to a further embodiment of the invention, the
first inducible promoter can be a metal ion inducible pro-
moter, especially a Zn**, or Co®* inducible promoter such as
the promoter PziaA from Chlorogloeopsis fritschii PCC6912,
or the promoters controlling the open reading frame orf7041,
orf7345, orf5189 and also orf5203 all from Chlorogloeopsis
PCC6912. These endogenous metal ion inducible promoters
can lead to relatively high and stable ethanol production rates
(see for example the below experimental data showing higher
ethanol production rates for plasmids TK187, TK261,
TK414,TK336 and TK346 transformed into Chlorogloeopsis
sp. host cells including either PziaA or Porf7041 from Chlo-
rogloeopsis fritschii PCC6912 upon Zn**/Co** induction,
and data showing some ethanol production for the plasmid
TK351 including the Zn** inducible promoter from orf5189
from Chlorogloeopsis fritschii PCC6912).

In a further embodiment of the invention, the first endog-
enous inducible promoter can be generalized PziaA promoter
with the following sequence:

Ne 1AACATCTGAATATATATTCAGATATTNI]TAAAC IN2ACTGAAANATG (SEQ ID NO: 36)

of at least the first recombinant gene for ethanol production of
Chlorogloeopsis are important in order to establish a rela-
tively high, constant and stable ethanol production in the
Chlorogloeopsis sp. host cells for more than 3 weeks, prefer-
ably more than 5 weeks. Heterologous first promoters from
different cyanobacterial genera, such as Synechocystis
PCC6803 or Nostoc/Anabaena PCC7120 did not allow for a
relatively high and stable, respectively ethanol production.

For example, the Zn** inducible PziaA promoter from
Synechocystis PCC6803 was also found to be Zn** inducible
in Chlorogloeopsis sp. host cells such as Chlorogloeopsis
PCC9212, but resulted in very low ethanol production rates of
0.004-0.007% (v/v)/OD*d™!, when controlling at least the
transcription of the first recombinant gene encoding PDC
enzyme so that this promoter was not used further in Chloro-
gloeopsis sp. host cells (see for example the below mentioned
results for plasmid TK122). A second promoter PpetE from
Nostoc/Anabaena PCC7120, which in its native host is Cu*
responsive was shown to be a constitutive promoter if inserted
directly upstream of a first recombinant gene for ethanol
production such as a PDC enzyme encoding gene in an extra-
chromosomal plasmid transformed into Chlorogloeopsis sp.
host cells (see for example the below results for plasmid
TK18). This plasmid initially resulted in high ethanol pro-
duction rates in Chlorogloeopsis sp. host cells, which how-
ever grew very slowly even during the upscaling process due
to the constant ethanol production. After 2 to 3 weeks of
cultivation ethanol production stopped, probably because the
host cells reverted back to their wild-type.

In contrast to that, first promoters for transcriptionally
controlling at least the first recombinant gene for ethanol
production, which are inducible and endogenous to the Chlo-
rogloeopsis sp. host cells were shown to enable a relatively

45

wherein the underlined sequence is the operator sequence, the
boxed sequence is the TATA box and the underlined bold-
faced sequence is the ribosomal binding site and wherein each
of the nucleotides N is independently selected from a group
consisting of A, T, C and G and wherein the 3'-ATG is the start
codon for the first recombinant gene transcriptionally con-
trolled by this promoter.

Furthermore, the Chlorogloeopsis sp. host cell can be a
host cell from the well established strains Chlorogloeopsis
fritschii PCC6912, Chlorogloeopsis PCC9212 or Chloroglo-
eopsis sp. ABICyano3.

A deposit of the Algenol Biofuels Inc. proprietary strain of
Chlorogloeopsis sp. ABICyano3, disclosed in the present
application and recited in the appended claims has been made
with the American Type Culture Collection (ATCC), 10801
University Boulevard, Manassas, Va. 20110. The date of
deposit was Oct. 10, 2013. The ATCC Accession Number is
PTA-120619.

Preferably the Chlorogloeopsis sp. host cell is Chloroglo-
eopsis fritschii PCC6912. This cyanobacterial strain can pro-
duce ethanol in brackish water in ranges of salinity between 6
to 20 psu, preferably 8.75 to 17.5 psu. Furthermore Chloro-
gloeopsis PCC6912 can also form aggregates during cultiva-
tion which sink rapidly to the bottom of the photobioreactors,
when mixing by for example stirring or bubbling is stopped,
so that old medium can easily be removed from the upper
parts of the medium having a lower concentration of the
Chlorogloeopsis sp. host cells. Following this procedure
ensures that not too many Chlorogloeopsis fritschii PCC6912
cells are removed by exchanging parts of the medium. In
addition ethanol can easily be removed from top parts of the
medium having a lower concentration of Chlorogloeopsis
fritschii PCC6912 cells.
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In addition, the Chlorogloeopsis sp. host cells can show
high ethanol production rates of at least 0.01%(v/v) d™*,
preferably at least 0.025%(v/v) d™!, most preferred at least
0.028% (v/v) d! and up to at least 0.05%(v/v) d~* for at least
7 days of cultivation (see FIG. 7D for the single cultivation).
The accumulated ethanol production can reach over 0.4%
(v/v) over 14 days of cultivation in BG11 medium corre-
sponding to a production rate of 0.033% (v/v) d™* (see FIG.
7B).

The ethanol production of Chlorogloeopsis fritschii
PCC6912 e.g. in brackish media with a salinity of between
8.7 and 17.5 psu resulted in about 0.36 to 0.39% (v/v) ethanol
after 23 days (FIG. 17A) of cultivation and is higher com-
pared to the ethanol production rate of the other Chloroglo-
eopsis sp. host cells, such as Chlorogloeopsis sp. PCC9212,
in brackish media.

In a further variant of the invention, the Chlorogloeopsis
sp. host cell can also comprise at least one second recombi-
nant gene encoding a second protein for the production of
ethanol in addition to the first recombinant gene for ethanol
production. For example the first recombinant gene can
encode pyruvate decarboxylase converting pyruvate into
acetaldehyde and the second recombinant gene can encode
alcohol dehydrogenase further converting acetaldehyde into
ethanol.

Alternatively or in addition, the first recombinant gene can
also encode alcohol dehydrogenase E enzyme (AdhE
enzyme) which can directly convert acetyl-Coenzyme A into
ethanol. Genes encoding alcohol dehydrogenase E are for
example disclosed in the PCT application WO 2009/098089
A2, which is incorporated for this purpose.

In this context, it is possible that the same first endogenous
inducible promoter controls the transcription of both the first
and second recombinant gene. This is for example the case in
one of the plasmids which enable a high ethanol production
rate in Chlorogloeopsis sp. host cells, for example the plasmid
TK187.

Furthermore, it is also possible that the first and second
recombinant genes are under the transcriptional control of
separate first and second promoters. In this case it might be
preferred if the induction mechanism of the second promoter
is different from the first endogenous inducible promoter, i. e.
either the second promoter is inducible by a different inductor
in comparison to the first promoter or the second promoter is
a constitutive promoter. In this case the second recombinant
gene, for example the alcohol dehydrogenase, is permanently
produced during the scale up and cultivation of the Chlorog-
loeopsis sp. host cells, so that the harmful acetaldehyde can be
quickly converted to the less toxic ethanol once the first
recombinant gene, for example pyruvate decarboxylase is
produced in high quantities, when the first promoter is
induced.

Alternatively, the second promoter can also be an inducible
promoter, which can be induced by different inductors, for
example other metal ions in comparison to the first inducible
endogenous promoter.

In the case that the second promoter is a constitutive pro-
moter it can be selected from a group consisting of PpetE, or
PnblA from Nostoc/Anabaena PCC7120, which are used in
many of the plasmids disclosed herein. The plasmid TK336
used herein contains the first recombinant gene encoding
PDC enzyme under the control of the first Zn>* inducible
PziaA promoter, whereas the second recombinant gene cod-
ing for alcohol dehydrogenase is under the control of the
promoter PnblA from Nostoc/Anabaena PCC7120, which
was shown to be a constitutive promoter in the Chlorogloeop-
sis PCC6912 host cells.
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In addition, the at least one first and also if present the at
least one second recombinant gene can be codon improved
for enhancing translation by having a codon adaptation index
of'equal to or greater than 0.6, preferably equal to or greater
than 0.7 most preferred greater than or equal to 0.8 based on
the below codon usage table of the Chlorogloeopsis sp. host
cell.

TABLE 1
Codon Usage
Codon Usage table
Amino Acid Codon Number /1000 Fraction
Ala GCG 21513.00 10.38 0.13
Ala GCA 56949.00 27.49 0.33
Ala GCT 60693.00 29.30 0.36
Ala GCC 30886.00 14.91 0.18
Cys TGT 12937.00 6.24 0.59
Cys TGC 8898.00 4.30 0.41
Asp GAT 71751.00 34.63 0.75
Asp GAC 23767.00 11.47 0.25
Glu GAG 35182.00 16.98 0.27
Glu GAA 94948.00 45.83 0.73
Phe TTT 64339.00 31.06 0.76
Phe TTC 19940.00 9.62 0.24
Gly GGG 17992.00 8.68 0.13
Gly GGA 37399.00 18.05 0.28
Gly GGT 50906.00 24.57 0.38
Gly GGC 27994.00 13.51 0.21
His CAT 22815.00 11.01 0.58
His CAC 16302.00 7.87 0.42
Ile ATA 23782.00 11.48 0.17
Ile ATT 82747.00 39.94 0.59
Ile ATC 34003.00 16.41 0.24
Lys AAG 28873.00 13.94 0.29
Lys AAA 72057.00 34.78 0.71
Leu TTG 52946.00 25.56 0.23
Leu TTA 67444.00 32.56 0.30
Leu CTG 29147.00 14.07 0.13
Leu CTA 29246.00 14.12 0.13
Leu CTT 27727.00 13.38 0.12
Leu CTC 20752.00 10.02 0.09
Met ATG 38148.00 18.41 1.00
Asn AAT 58913.00 28.44 0.66
Asn AAC 30157.00 14.56 0.34
Pro CCG 11772.00 5.68 0.12
Pro CCA 33050.00 15.95 0.34
Pro CCT 31169.00 15.05 0.32
Pro CcCC 20628.00 9.96 0.21
Gln CAG 32669.00 15.77 0.29
Gln CAA 78214.00 37.75 0.71
Arg AGG 6979.00 3.37 0.06
Arg AGA 17363.00 8.38 0.16
Arg CGG 12623.00 6.09 0.12
Arg CGA 17024.00 8.22 0.16
Arg CGT 24665.00 11.91 0.23
Arg CGC 28950.00 13.97 0.27
Ser AGT 30130.00 14.54 0.23
Ser AGC 21582.00 10.42 0.17
Ser TCG 10220.00 4.93 0.08
Ser TCA 20353.00 9.82 0.16
Ser TCT 33178.00 16.01 0.26
Ser TCC 12875.00 6.21 0.10
Thr ACG 11429.00 5.52 0.10
Thr ACA 37859.00 18.27 0.33
Thr ACT 43814.00 21.15 0.38
Thr ACC 22203.00 10.72 0.19
Val GTG 29904.00 14.43 0.21
Val GTA 41715.00 20.14 0.30
Val GTT 48038.00 23.19 0.34
Val GTC 20305.00 9.80 0.15
Trp TGG 30046.00 14.50 1.00
Tyr TAT 39044.00 18.85 0.61
Tyr TAC 25181.00 12.15 0.39
End TGA 1668.00 0.81 0.22
End TAG 2076.00 1.00 0.27
End TAA 3815.00 1.84 0.50
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The column titled “/1000” shows the frequency of the
respective codon per 1000 bases of a coding DNA sequence in
Chlorogloeopsis PCC6912. The column titled “number”
denotes the overall number of the respective codon in the
genome of Chlorogloeopsis fritschii PCC6912. The column
titled “fraction” denotes the fractional amount of one codon
coding for a particular amino acid in relation to the fractional
amounts of the other codons coding for the same amino acid.
The sum of all fractional amounts of the codons for one amino
acid is 1.

It might be advantageous to include a transcription termi-
nator between the first and second recombinant gene in order
to disconnect the transcriptional control of the first and sec-
ond recombinant gene as for example shown in the plasmid
TK?336 where the oop terminator is present between the first
and second recombinant gene if the first recombinant gene
and the second recombinant gene are controlled by different
first and second promoters.

The first and if present second recombinant genes includ-
ing their promoters can be either located on an extrachromo-
somal plasmid or can be integrated into a chromosome of the
Chlorogloeopsis sp. host cell.

Furthermore, the inventors realized that extrachromosomal
plasmids containing the ethanologenic cassettes need to con-
tain an origin of replication from a closely related species
such as Nostoc/Anabaena, for example the origin of replica-
tion pDUI (the protein sequence of the replication protein of
the pDU1 plasmid from Nostoc sp. PCC 7524 is shown as
SEQ ID NO. 15, the protein sequence of the integrase/re-
solvase recombinase from Nostoc sp. PCC 7524 is shown in
SEQ ID NO. 16, and the nucleic acid sequence of the respec-
tive origin of replication is included in the sequence listing as
SEQ ID NO. 17) in order to independently replicate in the
Chlorogloeopsis sp. host cells. Extrachromosomal plasmids
based on a different origin of replication such as the origin of
replication of RSF1010 such as pVZ321 did not result in
genetically enhanced Chlorogloeopsis sp. host cells.

The Chlorogloeopsis sp. host cells were found to tolerate
very harsh culturing conditions concerning both the concen-
tration of ethanol in the medium as well as the range of
temperature for cultivation and oxygen stress. In particular,
the Chlorogloeopsis sp. host cells can withstand at least 1%
(v/v) ethanol in the culture medium for at least 6, 12, 16 and
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up to 27 weeks. Furthermore the cells can withstand at least
48° C., preferably at least 50° C. or at least 53 to 55° C. for at
least 2 hours peaks over at least 7 days in brackish media up
to 15 to 17 psu. Chlorogloeopsis PCC 6912 can also with-
stand a purging of the culture medium with 60 to 70% oxygen.

The test for ethanol tolerance was performed by adding 1%
ethanol to the medium of the Chlorogloeopsis sp. host cells.
Additional ethanol was added throughout cultivation, in the
case that the ethanol level decreased in order to keep the
ethanol level at 1%. Cyanobacterial cultures were then exam-
ined for example under the microscope after a pre-determined
period of time for example 6, 12 or 16 weeks and cyanobac-
terial cultures were deemed to have passed the ethanol toler-
ance test if at least more than 50% of the cyanobacterial cells
were found to be intact and viable according to microscopic
analysis, meaning that the cell morphology did not change
significantly; the cells were still green and the cells were not
lysed.

The test for temperature tolerance was conducted with the
Chlorogloeopsis sp. host cells in a medium under conditions
of light illumination and omitting light illumination (day/
night cycle) at maximum temperatures between 45 to 55° C.
for a certain period of time, for example 1 to 2 hours during
illumination. Cyanobacterial cells were deemed to have
passed the test if the cultures were still growing after having
been subjected to 7 days of day/night cycles as described
above. Growth could be detected for example by an increase
in the chlorophyll content of the cyanobacterial cultures.
Chlorogloeopsis fritschii PCC6912 for example was found to
withstand 48° C., 50° C. or at least 53 to 55° C. for at least 2
hours per day over a time period of at least 7 days even in
medium with a salinity of 35 psu.

In addition, an oxygen tolerance test was carried out which
showed that Chlorogloeopsis fritschii PCC6912 can tolerate
purging of the medium with 60% to 70% oxygen resulting an
oxygen levels of up to 650 umol/l in cultures during the day,
when cultured a temperatures between 28° C. to 37° C. and
then being illuminated with a light intensity of between 200
pExm™xs™! to 400 pExm™2xs ™!

The results for the ethanol tolerance tests and temperature
tolerance tests for various different cyanobacterial strains
including the Chlorogloeopsis sp. host cells of the present
invention are shown in the following Table 2:

TABLE 2

Strain Characterization

1% Additional
Growth EtOH Thermotolerance test characterization
in marine tolerance (each test for 1 week) (each test for 1 week)
Cyanobacterial medium  test 2 hours 2 hours 2hours 2 hours 2 hours
species (35 psu) [weeks] 45°C. 48°C. 50°C. 53°C. 55°C.
Chlorogloeopsis pos. >11 (in pos. pos. pos. pos. pos.
ABICyano3 (marine (upto  (upto (upto (upto (up to
BG11 27psu) 27psu) 27psu) 27 psu) 27 psu)
30 psu)
Chlorogloeopsis pos. 27 (in pos. (35 pos. (35 pos. (35 pos. (35 pos. (35
PCC6912 (marine psw) psu) psu) psw) psu)
BG11
30 psu)
Chlorogloeopsis neg. 11* pos. (7.5 pos. (15 pos. (7.5 pos. (7.5 pos.7.5
PCC9212 psw) psu) psu) psw) psu)
Thermosynechococcus  neg. <1 pos. pos. pos. pos.
elongates (BG11) (BGI11) nd. (BG11) (BG11)
BP-1
Chroococcidiopsis pos. 3 n.d. n.d. n.d. n.d. n.d.

thermalis
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TABLE 2-continued
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Strain Characterization

1% Additional
Growth EtOH Thermotolerance test characterization
in marine  tolerance each test for 1 week each test for 1 week
Cyanobacterial medium  test 2 hours 2hours 2hours 2 hours 2 hours
species (35 psu) [weeks] 45°C. 48°C. 50°C. 53°C. 55°C.
CCALA187
Chroococcidiopsis pos. 3 n.d. n.d. n.d. n.d. n.d.
thermalis
CCALA30
Chroococcidiopsis pos. 3 pos. (Z) pos.(Z) neg.(Z)
thermalis
CCALA48

Pos. = positive

Neg. = negative

N.d. = Not determined

Z =7 medium

* = test was done in BG11 medium

The table clearly shows that Chlorogloeopsis PCC6912
appears to be the most salt and ethanol tolerant cyanobacterial
strain in the table and can withstand 1% ethanol in marine BG
11 medium for 27 weeks, whereas other thermotolerant 25
strains such as Chroococcidiopsis thermalis can only tolerate
1% ethanol in BG11 medium for three weeks. The two other
Chlorogloeopsis strains PCC9212 and ABICyano3 are less
salt tolerant compared to PCC6912 in the thermotolerance
test, because they can only withstand the same high tempera-
tures as PCC6912 in media with lower salt concentration.
Chlorogloeopsis PCC6912 was also the most sturdy strain in
the thermotolerance test because it was able to tolerate two
hours at 45° C. for one week, two hours 48° C. for one week
and also two hours at 50° C. for one week in marine medium
(35 psu).

Another aspect of the present invention is directed to a
method for producing ethanol comprising the method steps
of:

A) culturing any of the above described genetically
enhanced Chlorogloeopsis sp. host cells in a culture
medium, the host cells thereby producing ethanol,

B) retrieving ethanol from at least either one of the host
cells, the medium or the head space above the medium. 45

Due to the sturdiness of the Chlorogloeopsis sp. host cells
during method step A) the host cells can be cultured under at
least one of the following culturing conditions:

Temperatures between 20° C. to about 55° C., preferably
between 25° C. to 45° C. and/or a salinity of the culture
medium of between 0.2 to 35 psu, in particular between 8.7 to
17.5 psu. In particular, the Chlorogloeopsis fritschii
PCC6912 host cells can therefore also be cultivated in brack-
ish medium. This finding is particularly surprising, because
Chlorogloeopsis fritschii PCC6912 is known to be a freshwa-
ter strain.

Chlorogloeopsis sp. host cells can tolerate a wide range of
temperatures, for example moderate temperatures of around
20° C. to more extreme temperatures of around 55° C., sothat
these cells can easily be cultivated under desert-like condi-
tions, where during daytime high temperatures can be
reached and during night time much lower temperatures can
be expected.

Since the Chlorogloeopsis sp. host cells can form nitrogen 65
fixing heterocysts, the culture medium does not need to
include nitrogen as a source for growth, which is a clear
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advantage to the culturing of other cyanobacterial strains
which require nitrogen for growth such as Syrechococcus or
Synechocystis.

In the case that Chlorogloeopsis fritschii PCC6912 cells or
ABICyano3 cells are cultured, a mixing of the culture
medium during the method step A), for example via stirring or
via introducing gases from the bottom of the bioreactor, can
be advantageous, in order to avoid a settlement of the cells at
the bottom of the photobioreactor.

Without stirring, during the cultivation method step A), a
larger fraction ofthe Chlorogloeopsis fritschii PCC6912 cells
and ABICyano3 cells settle in bottom sections of the culture
medium compared to a smaller fraction of the host cells being
located in top sections of the culture medium. If a settlement
of the cells occur, one of the following method steps can be
performed very easily:

During method step A):

culture medium in the top section is removed and fresh

culture medium is added

Chlorogloeopsis sp. host cells are removed from the bot-

tom section of the culture medium and/or

During method step B):

ethanol is harvested in the top section of the culture

medium.

Chlorogloeopsis PCC6912 and ABICyano3 form aggre-
gates during cultivation; if mixing is stopped, those aggre-
gates t,,, ; to settle more on the bottom of the photobioreactor,
so that for example from the top sections of the culture
medium, used medium can be removed and can be replen-
ished by new medium, thereby easing the whole cultivation
procedure. With reference to FIG. 19A, the cultivation can be
done in vessels, for example bioreactors (3) harboring the
culture medium (2) and containing an enclosed headspace

5 (25) above the culture medium (2), including gases such as

carbon dioxide and air or evaporated ethanol, which can be
removed via the pipe (35). The top section of the culture
medium is in contact with the headspace (25) and the bottom
section of the culture medium is located below the top section.
The top sections of the culture medium can be removed for
example by using plug valves (10 and 20) located in the top
sections of the photobioreactor for pumping the medium out
of'the photobioreactor by opening the valve. As long as gases
(5), such as air or carbon dioxide are introduced from the
bottom of the photobioreactor into the medium via a supply
pipe (30) as shown in FIG. 19A, the PCC6912 or ABICyano3
cells are evenly distributed in the medium in aggregates (1).



US 9,399,776 B2

23

Once the bubbling of gases is discontinued as shown in FIG.
19B (crossed out supply pipe 30), the cells settle in the bottom
section (45) if allowed to settle for a period of time between 5
minutes to 60 minutes, at most 120 minutes. In contrast to the
bottom section (45), the top section (40) is nearly free of the
cells (less than 5% of the total cell mass of the cells, prefer-
ably less than 1% of the total mass of the cells would be
located in the top section after settlement of the cells). Etha-
nol can now be more easily harvested from the top section
(40) using for example the plug valves (10 and/or 20) so that
the purification of ethanol is simplified. Removing more con-
centrated biomass of the Chlorogloeopsis sp. host cells from
the bottom section (45) of the culture medium via for example
the plug valve (15) is also easier.

Since most of the cells have settled in the bottom section,
centrifuging the medium of'the top section, which is normally
done in order to remove the cells from the medium, is not
necessary. The final separation of the ethanol from the
medium of the top section can, for example, be done by vapor
compression steam stripping as described in the PCT patent
application WO 2011/103277 A1, which is hereby incorpo-
rated with regard to the separation procedure or via distilla-
tion.

In particular, the separation of the ethanol from the culture
medium can be done via steam stripping process described in
WO 2011/103277 A1, in which the culture medium, contain-
ing the ethanol is a dilute feed solution, the steam stripping
process comprising the following method steps:

(a) counter-current contacting of the dilute feed solution
and a vapor phase with a counter-current vapor-liquid
contactor;

(b) condensing in a condensor of the vapor phase output of
the counter-current vapor-liquid contactor with transfer
of the latent heat released by condensation to an evapo-
rator;

(c) evaporating of a liquid feed to provide the vapor phase
input to the counter-current contactor; and

(d) compressing of the vapor phase, wherein compression
of the vapor phase may occur before the contactor, after
the contactor, or both before and after and wherein the
action of the compressor must result in a pressure that is
higher in the condenser than in the evaporator.

The vapor phase can be saturated with water and strips off
the ethanol from the dilute feed solution upon counter-current
contacting, resulting in a vapor phase enriched with ethanol,
which then can be condensed.

Long-term cultivation of the Chlorogloeopsis PCC6912
and ABICyano3 cells can therefore be maintained by alter-
nating between two modes of operation, mixing or discon-
tinue mixing so that the cells settle. During the mixing, the
cell cultures can grow and can therefore produce ethanol,
whereas if mixing is stopped, either medium can be replen-
ished, new cells can be introduced into the cell culture or the
ethanol can be harvested very easily as described above.
Afterwards mixing can be resumed.

In the case that the first endogenous inducible promoter is
a metal ion inducible promoter, method step A) can include
the substeps of:

Al) culturing the Chlorogloeopsis sp. host cells in an unin-

duced state, and the further method step of

A2) inducing the Chlorogloeopsis sp. host cells by adding
metal ions to the culture medium.

This method is very simple and can easily be used for a
reliable induction procedure. During the uninduced state, the
Chlorogloeopsis sp. host cells can grow quickly so that the
upscaling can easily be achieved.
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Another aspect of the invention is directed to a method of
producing the genetically enhanced Chlorogloeopsis sp. host
cells comprising introducing said first and if present said
second recombinant gene into the host cell. In general, said
firstand if present said second recombinant gene can be either
be introduced into the chromosome of the host cell, into
endogenous plasmids or can be introduced into the cell as a
part of a heterologous extrachromosomal plasmid.

In particular the following method steps can be included in
such a method:

a) Providing a recombinant nucleic acid sequence includ-
ing said first and if present second recombinant gene and
protecting said recombinant nucleic acid sequence
against endogenous restriction endonucleases of the
host cells, and the further method step of:

b) Introducing said first if present second recombinant
gene into the genome of the host cell.

Such a protection step can for example be performed by
methylating the plasmids for transformation of the Chlorog-
loeopsis sp. host cells using certain methylases in order to
mask the specific restriction sites for the restriction endonu-
cleases. Specific testing of the Chlorogloeopsis sp. host cells,
especially the three strains Chlorogloeopsis fritschii sp.
PCC6912, Chlorogloeopsis sp. PCC9212, and Chloroglo-
eopsis sp. ABICyano3 for restriction endonucleases, pro-
vided evidence that the restriction enzymes Sphl and Blpl are
present. Therefore, the methylases M. CviPI and M. Sssl
(New England Biolabs) can be used in order to protect the
restriction sites against the action of these enzymes by in vitro
methylation.

Alternatively, the recombinant nucleic acid sequence can
be protected against endogenous restriction endonucleases by
deleting and/or altering the specific recognition sequences of
the endonucleases for example by in vitro gene synthesis.

Furthermore, during method step b) electroporation or
conjugation can be used, preferably electroporation.

It was shown that especially Chlorogloeopsis PCC6912
host cells include a capsule or an extracellular polymer layer
(EPS), which often can hinder an introduction of recombinant
nucleic acids into the host cell. In the present case, however,
the inventors found that neither sonification of the host cells
nor incubation with a salt solution for at least one hour was
necessary in order to enable a successful introduction of
recombinant nucleic acids such as plasmids via conjugation
or electroporation into the Chlorogloeopsis sp. host cells.
This finding is also in clear contrast to the prior art document
Stucken et al., which describes that sonification and a salt
wash were critical steps for successful conjugation.

Another embodiment of the invention is directed to a con-
struct for transformation of Chlorogloeopsis sp. host cells
comprising:

at least one first recombinant gene encoding a first protein
for the production of ethanol under the transcriptional control
ofa first inducible promoter, having at least 85%, 90% or 95%
sequence identity to an endogenous inducible promoter of the
Chlorogloeopsis sp. host cell.

Such a construct is well suited in order to produce geneti-
cally enhanced Chlorogloeopsis sp. host cells for ethanol
production using the transformation protocols as described in
this patent application. In particular, the endogenous pro-
moter of the Chlorogloeopsis sp. host cells enables a stable
and high ethanol production as described above.

The construct can be a plasmid, for example an extrachro-
mosomal plasmid including an origin of replication for rep-
lication of the construct independently of the genome of the
Chlorogloeopsis sp. host cells. Alternatively, the construct
can also be an integrative plasmid containing DNA sequences
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homologous to genomic sequences of the host cell for inte-
gration of a recombinant region flanked by these homologous
regions into the chromosomes of the host cell. The recombi-
nant region can include an ethanologenic cassette with said
first recombinant gene and if necessary also antibiotic resis-
tance conferring genes.

The first inducible promoter can be a metal-ion inducible
promoter, especially a Zn>*, or Co®* inducible promoter as
already described above.

The recombinant construct can also further include all the
features already described with regard to the genetically
enhanced Chlorogloeopsis sp. host cells, such as second
recombinant gene for ethanol production and also the various
different promoters.

EXAMPLES
Example 1

Bacterial Strains, Growth Conditions, and Selection
of Transformants

Escherichia coli strains J53, HB101 (Promega), XI.10-
Gold (Stratagene), and a-select (Bioline) were grown in
Luria-Bertani (LB) medium at 37° C. Ampicillin (50 pg/ml),
kanamycin (25-50 pg/ml), and chloramphenicol (34 pg/ml)
were used when appropriate. E. coli cultures were continu-
ously shaken overnight at 200 rpm and at 100 rpm, respec-
tively, when used for conjugation.

For transformation experiments cyanobacterial wild-type
axenic strains were cultured at 28-35° C. in liquid BG11 fresh
water on a reciprocal shaker at 150 rpm under continuous
illumination of approximately 30-40 umol photons/m? s.

Chlorogloeopsis transformants (derived from Chloroglo-
eopsis fritschii PCC6912, Chlorogloeopsis sp. PCC 9212,
and Chlorogloeopsis sp. ABICyano3) were maintained on
solid BG11 medium containing 25-50 pg/ml neomycin.

The liquid culture medium, BG11 and artificial seawater
BG11 (aswBG11) for culturing either the wildtype or the
genetically enhanced Chlorogloeopsis sp. host cells can be
prepared as follows:

TABLE 3
Composition of BG-11 medium
Amount Final

Compound (per liter) Concentration

NaNO; 15 ¢g 17.6 mM

K,HPO, 0.04 g 0.23 mM

MgSO, - TH,O 0.075 g 0.3 mM

CaCl, - 2H,O 0.036 g 0.24 mM

Citric acid 0.006 g 0.031 mM

Ferric ammonium citrate 0.006 g —

EDTA (disodium salt) 0.001 g 0.0030 mM

NaCO; 002 g 0.19 mM

Trace metal mix AS 1.0 ml —

TABLE 4
1000x Trace Metal Composition of BG-11 medium
Final
Concentration in
Working

1000x Trace Metal mix AS Amount Medium
H;3BO; 286 g 46.26 UM
MnCl, - 4H,0 1.81 g 9.15 uM
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TABLE 4-continued

1000x Trace Metal Composition of BG-11 medium

Final
Concentration in

Working
1000x Trace Metal mix AS Amount Medium
ZnS0, - 7TH,0 0222 g 0.772 uM
NaMoO, - 2H,0 039 g 1.61 uM
CuS0O, - 5H,0 0.079 g 0.32 uM
Co(NO3), - 6H,0 49.4 mg 0.170 uM
Distilled water 1.0 L —

Distilled water for BG11 or seawater (35 practical salinity
units=psu; see Unesco (1981a). The Practical Salinity Scale
1978 and the International Equation of State of Seawater
1980. Tech. Pap. Mar. Sci., 36: 25 pp.) for mBG11 is added to
the final volume of 1.0 L.

TABLE 5

Recipe for a 100x BG11 stock solution

100x BG11 g/L mL/L
Sodium nitrate, waterfree (NaNO;) 149.58 —
Magnesium sulfate -heptahydrate (MgSO, - 7H,0) 7.49 —
Calcium chloride dihydrate (CaCl, - 2H,0) 3.6 —
Citric Acid 0.6 —
0.25M EDTA disodiumsalt dihydrate — 1.12
(Na,EDTA - 2H,0 (pH 8.0))
TABLE 6
Recipe for artificial seawater aswBG-11 (35 psu)

35 psu artificial

marine BG11 g/L mL/L

Sodiu